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INTRODUCTION 67
Mycobacteria are a diverse and ubiquitous group of Actinobacteria that have been well-68 studied given their potential importance as pathogens and their prevalence in a wide variety of 69 habitats including many soil and aquatic environments (1). The best-studied members of the 70 genus Mycobacterium include the obligate pathogens M. tuberculosis and M. leprae, but there 71 are over 175 additional described members of the genus that are collectively referred to as 72 7 one of the more abundant named genera of bacteria identified. Out of 398 identifiable named 133 genera, Mycobacterium was the 12 th most abundant genus across all soils by rank, ranging from 134 2 nd -67 th across individual soils [ Figure S2 ]. The relative abundance of the genus 135
Mycobacterium was highly variable across the soils studied, ranging from 0.03% to 2.9% of all 136 bacterial and archaeal 16S rRNA reads, with a median abundance of 0.52% [ Figure S3 ]. 137
The high degree of variation in the relative abundances of the genus Mycobacterium 138 was, to some extent, predictable from the measured soil and site variables. We used Random 139
Forest modeling (43) to identify the most important environmental predictors of the relative 140 abundance of Mycobacterium across our samples. We found that ~25% of the variation in the 141 relative abundance of Mycobacterium could be explained by the environmental variables 142 measured. Temperature, aridity, and soil pH were the most important predictors of 143 mycobacterial relative abundances [ Table S3 ]. Mycobacteria were typically more abundant in 144 abundances were, on average, higher in lower pH soils and in cooler climates [Fig 1 B, C] . 148
Mycobacterial relative abundances were lower in drier (i.e. more arid) environments (44, 45) 149 [Fig 1 A] . 150
151

GLOBAL DIVERSITY OF SOIL MYCOBACTERIA 152
The aforementioned 16S rRNA analyses do not allow us to comprehensively discriminate 153 between different species or strains of mycobacteria. This is an important limitation given that 154 8 the genus Mycobacterium contains a broad diversity of lineages with distinct phenotypic 155 characteristics (46). Thus, we complemented the 16S rRNA gene analyses with amplicon 156 sequencing of the hsp65 gene, which is widely used for phylogenetic analyses of the genus (47). 157
These complementary analyses allowed us to identify specific lineages of mycobacteria and the 158 distributions of these lineages across the 143 soils studied. 159
To streamline further analyses and investigate the ecological attributes of mycobacterial 160 lineages, we used a phylogenetic approach to group closely-related mycobacterial sequences 161 (exact sequence variants, or ESVs) into phylogenetic clades. Across all soils, the 472 162 mycobacterial ESVs that met our criteria for inclusion in downstream analyses (see Methods) 163 fell into 159 distinct clades as identified by phylogenetic patristic distance. We clustered ESVs 164 into phylogenetic clades because many sequences uncovered here were divergent from those 165 in existing reference databases, creating challenges in confidently assigning taxonomic 166
classifications. 167
Most of these mycobacterial clades were restricted in their distributions, and the 168 number of different clades found in a single soil sample was highly variable. A median of 4 169 clades were identified per individual soil sample (range 0 to 18, mean 5.5, with 10 out of the 170 143 soils having no detectable mycobacterial hsp65 sequences). Most soils harbored only a few 171 clades, while a few soils harbored a large number of clades [ Figure S3 ]. No single clade was 172 identified in all samples, and the most ubiquitous clade was found in 59 of the 143 soil samples. 173
Together, these results highlight the high diversity of mycobacterial lineages that can be found 174 in individual soils and that most soil mycobacteria lineages are restricted in their distributions. Table  209 4. The M. avium complex (MAC clade) that includes known human pathogens was more likely 210 to be found in wetter, more acidic soils [ Figure S4 ]. While the number of samples containing 211 members of this clade were too low to allow for robust modeling, Spearman correlations and 212
Wilcoxon rank-sum tests support this apparent pattern (pH R = -0.41; Aridity Index R = 0.39). 213
214
DISCUSSION 215
The genus Mycobacterium is ubiquitous and reasonably abundant in soil as determined 216 by our cultivation-independent 16S rRNA gene analyses. We found that Mycobacterium was 217 typically one of the more abundant named genera of bacteria found in soil, confirming results 218 reported in comparable studies (13, 19, 21) . However, the relative abundance of mycobacteria 219 was highly variable across soils ranging from 0.03 to 2.9% of 16S rRNA gene reads, a range 220 similar to that reported previously (19-21). Some of this variation in total mycobacterial 221 abundances could be explained from the measured soil and site characteristics, with 222 mycobacterial relative abundances typically being higher in more acidic, colder, and moist soils. 223
This observation is consistent with both cultivation-dependent and independent results 224 published previously which have suggested that mycobacterial abundances tend to be higher in 225 more acidic, wetter environments (16, 17, 22). However, we note that our model only 226 explained 25% of the variance in genus-level mycobacterial abundances across the collected 227
samples. Although such portion of explained variation is considered to be relatively high for 228 comparable global-scale studies (50), unexplained variation could be a product of the fact that 229 we did not measure all possible soil or site characteristics that can influence mycobacterial 230 abundances, including the presence of amoebae (51, 52), specific organic carbon substrates 231 (53), or the presence of livestock (25, 28, 29). Additionally, some of this unexplained variation 232 could be a product of the coarse, genus-level analyses employed, which may not sufficiently 233 capture the phenotypic differences or differences in niche preferences across taxa within the 234 genus Mycobacterium. 235
As expected, soil mycobacteria were found to be highly diverse when analyzed with a 236 higher resolution genetic marker (the hsp65 gene). Across all soils, we identified 472 ESVs that 237 represented 159 distinct phylogenetic lineages with most of these lineages restricted to a small 238 subset of soils (Figure 2) . Not all mycobacteria were detected in all soils, an observation that 239 could result from either dispersal limitations or, more likely, different mycobacterial strains 240 having distinct environmental preferences. The latter explanation is supported by our results. In 241 particular, we found that soil pH and climatic parameters were often the best predictors of the 242 distributions of individual lineages (Figure 3) , and that most of the lineages preferred low pH 243 soils (a result consistent with the genus-level analyses, Figure 1) . However, we also observed 244 individual lineages that were more commonly detected in high pH soils (Figure 3) . Likewise, 245 while most lineages were mainly found in colder and wetter sites, others were more commonly 246 detected in drier and warmer ecosystems (Figure 3) . These results provide evidence that soil 247 mycobacteria can exhibit contrasting, yet often predictable, environmental preferences. 248
Our findings further indicate that soils harbor a large amount of undescribed 249 mycobacterial diversity. Of the 159 lineages detected in our global survey only 3% of the 250 lineages (5/159) encompassed described isolates. These results contrast to a comparable 251 survey of mycobacteria in household plumbing that used the same hsp65 marker gene 252 sequencing approach, where the majority of the mycobacterial lineages included described taxa 253 (7). The high proportion of undescribed mycobacterial lineages we recovered from soil is 254 slightly higher than that reported previously in soils (20) and lakes (12) via 16S rRNA gene 255 analyses. Of the small subset of soil mycobacterial clades that included described isolates, we 256 found lineages that included M. rutilum, and M. avium complex, taxa that have previously been 257 identified from cultivation-dependent analyses of soil mycobacterial communities (26, 53). showing that mycobacteria frequently implicated in NTM disease to be common and relatively 270 abundant in showerhead biofilms (7). 271
Our study represents one of the more comprehensive investigations of global soil 272 mycobacterial diversity and the ecological factors shaping the distributions of individual soil 273 mycobacterial lineages, many of which remain undescribed. We found that soil mycobacterial 274 communities (both the Mycobacterium genus and individual lineages of mycobacteria) are 275 often predictable from information on soil pH and site climatic conditions. Notably, most 276 mycobacteria appear to prefer acidic, colder, and wetter soils, however, contrasting 277 environmental preferences are found for individual clades. More generally, we show that 278 mycobacteria can be abundant members of soil bacterial communities, but much of the soil 279 mycobacterial diversity remains undescribed. Although the cultivation biases inherent in 280 mycobacterial surveys are well-known (7, 36), our results suggest that this cultivation bias is 281 particularly important in soil. We note that those mycobacteria commonly considered to be 282 human pathogens are rarely detected in soils worldwide, challenging widely-held expectations 283 that soil is an important source of NTM diseases. When we do detect lineages that include 284 known pathogens, they are restricted in their distributions, information that is important for Briefly, soils were collected from 143 locations across six continents spanning a wide range of 296 ecosystem types (Table S1 ). Composite samples were collected to roughly 7.5cm depth, and 297
were frozen immediately at -20˚C. GPS coordinates and ecosystem type were recorded in situ, 298 and climatic variables were determined using the Worldclim database (www.worldclim.org) 299 (44, 55). Soil analyses were performed at the Universidad Rey Juan Carlos (Spain) following 300 standardized protocols (56). Our database included information on key soil properties (organic 301 carbon content, pH, C:N ratio, clay content, and electrical conductivity) and climatic variables 302 (aridity index, annual minimum and maximum temperature) as explained in (21). Site aridity 303 index is defined as precipitation/potential evapotranspiration (44, 45). For detailed information 304 on soil and site characteristics, see Table S1 . 305 306 16S rRNA gene sequencing to characterize the soil bacterial communities 307
15
We characterized the bacterial communities in our soils via 16S rRNA gene sequencing. For 308 detailed sequencing methods, see Delgado-Baquerizo et al (21). Briefly, DNA was extracted 309 from soils using the DNeasy Powersoil kit (Qiagen) following the manufacturer's protocol. The 310 V3-V4 hypervariable region of the bacterial 16SrRNA gene was amplified with 341F/805R 311 primers, and sequenced on the Illumina MiSeq platform. Data were processed using the 312 USEARCH10 pipeline (57). After quality filtering, reverse reads were trimmed before 10 bp and 313 after 260 bp, merged (usearch8 -fastq_mergepairs). Following merging, 17 bp were trimmed off 314 of the front of the merged reads to eliminate possibility of primer barcode contamination. 315
Trimmed reads were filtered with a max error rate of 1.0, and a final truncation length at 410 316 (usearch10 -fastq_filter; 91.4% passed). Unique sequences were identified using usearch10 -317 fastx_uniques, and clustered at 97% identity to "Operational Taxonomic Units" (OTUs) with 318 usearch10 -cluster_otus uniques.fa. Taxonomy was assigned with the Ribosomal Database 319
Project Classifier(58) against the Greengenes 13_8 database(59), and chloroplast and 320 mitochondrial reads were removed. To correct for differences in sequencing depth, samples 321 were rarified to 10,000 reads per sample in R using the MCtoolsR package 322 (https://github.com/leffj/mctoolsr/). The percentage of mycobacteria in each sample was 323 calculated by summing reads classified to the Mycobacterium genus per sample. 324 325 hsp65 gene sequencing to characterize mycobacterial diversity 326
To resolve mycobacterial taxonomic diversity beyond the genus level, we performed marker 327 gene analysis of a region of the hsp65 gene specifically targeting mycobacteria. For detailed 328 PCR and sequence methods, see Gebert et al (7). Briefly, a two-step PCR approach was used 329 16 with mycobacterial-specific primers (60), and with the resulting amplicons (~400 bp) sequenced 330 on the Illumina MiSeq platform. The sequence reads were processed using the uSEARCH 331 pipeline (57). Raw reads were processed by trimming reverse reads to 250 bp (usearch8 -332 fastq_filter), merging (usearch8 -fastq_mergepairs), and quality filtering at a max error rate of 333 0.005 (usearch8 -fastq_filter -fastq_maxee_rate 0.005). Exact sequence variants (ESVs) were 334 identified using uNOISE3 (61) (usearch10 -fastx_uniques and usearch10 -unoise3). 335
The hsp65 gene-targeting PCR primers do not exclusively amplify this marker gene from 336 mycobacteria alone, as it can also amplify sequences representing other groups of 337 actinobacteria such as Nocardia (62). To restrict our analyses to mycobacterial taxa alone, we 338 filtered ESVs against a mycobacterial reference database (47), removing any reads that were 339 <94% similar to the mycobacterial sequences in the reference database (usearch10 - this study. The tree was visualized and annotated using iTOL (66). Only five clades contained 361 both reference sequences and soil-derived sequences. Sample sequences in these clades were 362 confirmed to be relatives of the named taxa via BLAST (67), with all ESVs within a given clade 363 sharing >99% identity with the corresponding reference strain. We determined the 364 presence/absence of each clade in each sample, with 'absence' defined as a clade represented 365 by less than 50 hsp65 reads in a given sample. Information regarding clade assignments for 366 each ESV can be found in Supplementary Table 5 . 367 368
Statistical Analysis & Modeling 369
We used random forest analysis via the R package rfPermute (68) to identify the most 370 important ecological predictors of genus-level mycobacterial abundance and mycobacterial 371 clade distributions (functions rfPermute, rp.importance). Previous to these analyses, we pre-372 selected environmental variables from (21) that were not highly correlated (Pearson R < 0.7, 373 Table S2 ). Based on these correlations and the relevance of remaining variables, the following 374 environmental variables were included in downstream analyses: soil organic carbon content, 375 pH, site aridity index, annual minimum and maximum temperature at the site, soil C:N ratio, soil 376 clay content, and soil electrical conductivity. An independent random forest model was run 377 separately for each clade of interest in addition to that built with the genus-level proportional 378 abundance dataset (16S rRNA gene sequence data). Only models that described more than 20% 379 of the variation were evaluated. "Important" environmental predictors in these models were 380 defined as those that increased the Mean Standard Error of the model (MSE) more than 15% 381 when excluded with p < 0.01. 382
To further understand the strength and directionality of the relationships between 383 important environmental predictors and mycobacterial relative abundances or mycobacterial 384 linage presence, we used Spearman rank correlations as we did not necessarily expect a linear 385 relationship between the environmental variables and mycobacterial response. We then 386 determined whether these correlations were associated with significant differences in 387 mycobacterial relative abundances or clade presence for the environmental variables using the 388
Wilcoxon rank sum test. 389
The statistical analyses to determine which soil or site characteristics were predictive 390 of mycobacterial abundances (genus level analyses, 16S rRNA gene sequencing) or the 391 presence/absence of individual mycobacterial clades (hsp65 gene sequencing) were 392 performed in the R environment version 3.4.3 (69) with all plots generated using ggplot (70). 393 394 395
